In the course of investigations on the effect of chemical vapors on air-borne bacteria, a better understanding of the state of the air-borne organism was sought through studies on the nature and composition of certain experimental bacterial aerosols. It was felt that an appreciation of the physical characteristics of the air-borne particle would add to our understanding of the factors which determine the life or death of the organism under various conditions. Such prior information as exists on this subject was reviewed by Wells (1955) , much of it being from earlier work (Wells et al., 1948) . Although the studies presented herein are concerned with experimental bacterial aerosols, the results obtained suggest that the findings are generally applicable to those arising from natural sources.
We have previously described equipment and procedures for determining the effect of chemical vapors on the viability of air-borne organisms (Kethley et al., 1956) . For the study of the physical characteristics of bacterial aerosols, a more complicated chamber system is required. Numerous chambers for the study of air-borne bacteria have been developed by other workers (Berry et al., 1949; Bourdillon et al., 1948; De Ome et al., 1944; Druett and May, 1952; Ferry and Maple, 1954; Griffin et al., 1956; Henderson, 1952; Kaye, 1949; Laurell et al., 1949; Leif and Krueger, 1950; Mackay, 1952; Phelps, 1942; Rentschler, 1942; Robertson et al., 1946; Rosebury, 1947; Twort et al., 1940; Urban, 1954; Weiss and Stegeler, 1952; Wells, 1955) . However, none of these embodied all the desired features for the study of the nature and composition of bacterial aerosols. For this reason, the chamber which we have developed for this purpose is described in detail, and supporting data are offered to justify the use of this chamber in the detailed study of bacterial aerosols.
MATERIALS AND METHODS
Test culture and standard bacterial aerosol. The culture used in these tests was from a differentiated strain of Serratia marcescens (ATCC 274), grown in 0.3 per cent beef extract broth, approximately 44 hr old. The organisms were dispersed into the air with a No. 40 DeVilbiss all-glass atomizer, and the resultant bacterial aerosol was classified in a 35-cm cubic prechamber. In the cloud issuing from the prechamber, not less than 90 per cent of the particles contained only one bacterium, and none contained more than two (Kethley et al., 1956) .
Handling of cells for dispersion from media other than beef broth. For those studies on air-borne particulates containing materials other than beef extract solids, the 44-hr-old culture was treated as follows: 5-ml portions were filtered through Millipore filters (MF)2 and immediately washed by suction with 25 ml of sterile, deionized water. Each filter was transferred to a dilution bottle containing a volume of sterile water (or other medium as desired) equal to the volume of culture handled. The dilution bottle was shaken violently, and the contents filtered by suction through a sterile coarsefritted filter. The resultant filtrate contained about 60 per cent of the cells from the original culture; it was assumed that the remainder adhered to the surface of the Millipore filters. The cells in such water suspensions as were prepared in the present study showed an unchanged viability when compared with the original broth cultures kept under the same conditions. Samplers. As previously described (Kethley et al., 1956) , air samples of bacterial aerosols were taken with 1.0 L per min critical-orifice liquid impingers, using a buffered gelatin solution enriched with brain-heart infusion (except where a plain gelatin solution is specifically mentioned). Following sampling, aliquots of the sampling fluid were plated on a tryptone-glucose agar.
The bottoms of standard 100-x 15-mm Petri dishes were used for taking settling samples in the chamber. To determine the number of viable bacterial particles, the dishes were filled to the rim with 80 ml of nutrient agar in order that the sampling surface would be level with the chamber floor during the 1-min sampling period. For longer exposures and for the determination of the total number of viable organisms, 15 to 20 ml of nutrient gelatin were placed in the dishes. Following T. W. KETHLEY, W. B. COWN AND E. L. FINCHER magel A)3 were Difco4, and distilled, deionized water was employed throughout.
The aerosol chamber. The chamber is a 4-ft cube constructed of tempered Masonite; the internal surfaces were finished with several coats of a white alkyd resin enamel, each coat having been hand-rubbed to a mirror finish. There are no internal projections in the chamber other than the air diffuser which is 5 in in diameter and projects from the ceiling into the chamber about 2 in. The chamber is located in a heavily insulated workroom into which about 3 changes per mn of tempered air are circulated from a control room where the temperature and dew point of the air are controlled within 0. runs, the main air stream of the chamber (60 cfm) is drawn from the workroom through filter A and is metered by orifice C, passing through Anemostat D,5 and is discharged outside the workroom through filter F. The pressure within the chamber is balanced to that of the surrounding room with the by-pass damper arrangement, G, the pressure being read on the manometer.
The standard bacterial aerosol issues from the classifying prechamber (6.4 L per min) and is mixed with the main air stream in the turbulence created at the orifice meter. It is then uniformly distributed throughout the chamber by the Anemostat air diffuser. In the absence of this diffser, Tyndall beam tests revealed that the entering aerosol, only partially diluted by the orifice meter turbulence, will stream into the chamber and collect in clouds in the corners of the chamber. Operating with the diffuser in place, similar Tyndall beam tests showed completely uniform dispersion of the aerosol throughout the chamber.
Air samples are taken from any of the ports indicated in figure 1 for that purpose, including inlet and outlet to the chamber. In addition, settling samples are taken through the ports located at the bottom of the chamber. These ports are machined from 1-in diestock and have two air-tight seals, -one of which consists of a sliding stainless steel shutter used for sealing the sampling port from the chamber, the other being a spring-loaded door which is used to seal the sampling port from the outside room air. Through the use of these sampling ports, it is possible to expose plates for any desired length of time and insert fresh plates as needed without interrupting the uniform flow conditions existing inside the chamber.
Static runs are made in the chamber following the achievement of dynamic equilibration by closing sliding valves located at the inlet and outlet of the chamber, simultaneously stopping the blowers and diverting the aerosol stream to throw-away. Because of the problem of volume losses caused by withdrawal of air samples, settling samples only are taken during static runs. RESULTS
Chamber performance. The necessary information for the determination of the equilibration time of the aerosol chamber is shown in figure 2 . The general agreement between the theoretic equation (Silver, 1946) and the data obtained both from a gas and from a bacterial aerosol indicates that the chamber is operating effectively and that a uniform distribution of material is obtained throughout. This is substantiated by the data shown in table 1 for the aerial concentration of the bacterial aerosol as determined at various points within the chamber.
In tables 2 and 3 are shown representative data taken during dynamic operation of the chamber. The analyses in these tables indicate a good degree of uniformity both within the chamber and with lapse of time. This uniformity of response has been found to continue during a full day of operation.
The average number of bacteria per particle within the chamber was found to be 1.10 by direct examination of settled particles in the electron microscope. This value compared favorably with an average of 1.09 per particle determined from a comparison of numbers settling on agar plates (total viable particles) with the numbers collected on gelatin plates (total viable bac- teria), during dynamic operation of the chamber. The numbers collected on the agar plates were corrected for overlapping (Mack, 1953) .
It is felt that the information on the characteristics of this chamber system constitutes ample evidence that the chamber is well suited for the detailed study of bacterial aerosols. It should be noted that this chamber is also suitable for the requirements set forth by Lester (1955) .
The determination of the death rate of air-borne bacteria. In this work the death rate is expressed in terms of the biologic die-away constant, k:
where no is the original number of viables and ni is the number at the end of time t, which is expressed in min. In the aerosol chamber it is necessary to correct the total value so obtained for losses due to physical fall-out. This is done by determining the rate of fall from the comparison of the aerial concentration and values of no and ni are obtained from the inlet and outlet respectively, t being 5 min (figure 2).
In table 4, information-is given for the death rate of air-borne S. marcescens (ATCC 274) when dispersed from several different aqueous media at 20 C and various relative humidities. The dispersion media were selected as representative of the various conditions under which organisms might be found in the air. From pure water the organisms exist free in the air with a minimum of nonliving material; from beef broth the organisms are surrounded with proteinaceous materials; from glycerol-water the organisms are surrounded with nontoxic, hygroscopic fluid; from NaCl-beef extract solution the organisms are surrounded by a mixture of proteinaceous material containing either solid crystalloid material or an almost saturated salt solution. It should be remembered that the death rates given herein refer to the period following equilibration to the aerial state and do not include losses incurred in the process, this loss having occurred during the classification of the bacterial aerosol in the prechamber and prior to diffusion through the chamber air.
The death rates obtained from data during dynamic runs were verified with data from static runs, as illustrated in figure 3 . From such data the death rate was calculated using equation (1), and making the necessary correction for physical fall-out.
Measurement of the size of the cells in the test culture.
In Determination of the size of the initial droplet produced by the atomizer. In table 6 is given the information necessary for the estimation of the apparent diameter of the original droplet formed by the atomizer, in this instance, 13 ,u. Each particle must be formed from the evaporation of water from such an original droplet. The particle will therefore contain, in addition to at least one bacterium, the residual solids or low vapor pressure liquids from the quantity of dispersion fluid represented by a 13-, diameter droplet.
Equilibrium moisture content of materials used in the dispersion media. These data are shown in table 7 for beef extract solids, glycerol, and NaCl. It is assumed that pure water contaiins no residual solids or low vapor pressure liquids.
The determination of the particle size of air-borne bacterial aerosols in the chamber. All of the information cited above has been applied to the estimation of the physical nature and composition of the various bacterial aerosols. The results of the study are shown in tables 8 and 9, where data are given for the experimentally determined particle sizes under varying conditions of relative humidity, and also for the calculated particle sizes, usinig the solids resulting from the evaporation of * A total of 672 cells was counted with the aid of the electron microscope; these were observed to exist in 417 particles containing from 1 to 8 cells per particle. It is to be noted that the prechamber screens out practically all of the larger particles; the average number of cells per particle issuing from the prechamber being 1.1, with no particles having been observed with more than 2 cells. t Calculated from the response to relative humidity of the material in a 13-,u diameter droplet. Rosebury (1947) tion of these aerosols, gases other than water vapor were added to the air of the chamber. Two compounds of similar chemical structure were selected: propylene glycol, which is hygroscopic, and 2-ethylhexanediol-1, 3, which is nonhygroscopic; both compounds have low vapor pressure at 20 C. The experimentally determined death rates and particle sizes are shown in table 10. The data in this table illustrate the differences in the responses of the air-borne particles to these two types of compounds.
In the presence of the hygroscopic compound the particle size increases rapidly with increasing relative humidity. This rapid increase is due to the increased amount of water taken up by the beef extract solids (thereby increasing the solubility of the glycol in the particle) as well as to the hygroscopic nature of the propylene glycol. It should be noted that the final concentration is determined by the humectant characteristics of the hygroscopic compound (Kethley et al., 1956 ). In contrast, in the presence of the nonhygroscopic compound, there is only a slight increase in particle size with increasing relative humidity. The compound is only partially soluble in water, and the presence of dissolved solids diminishes the saturation concentration achieved when compared with the concentration achieved in pure water. The observed death rates in the presence of 2-ethylhexanediol-1, 3, are consistent with the concept of increasing solubility of the compound in the particle as the amount of water held by the beef extract solids is increased.
DIscussION
The data herein presented on the nature and composition of the experimental bacterial aerosols studied show a high degree of validity. The genieral agreement between experimentally observed and calculated particle sizes indicates sampling effectiveness approaching the ideal. The uniformity of distributioni of particles within the chamber, the reproducibility of data obtained from samples within the chamber, and the consistency of the results all indicate that considerable confidence can be attached to this information.
The observed effect of relative humidity on the death rates of the air-borne bacteria dispersed from beef broth is not dissimilar from that reported by others (Dunklin and Puck, 1947) . The fact that the air-borne cells dispersed from pure water show the greatest death rate suggests that the air-borne state is intrinsically hostile to the survival of the bacteria. Certainly the fact that neither strong salt solutions nor high concentration of glycerol caused a greater death rate indicates that dehydration is not the sole cause of the death of air-borne bacteria.
The differences among the observed sizes of airborne washed cells and the sizes of cells directly from the cultures (tables 5 and 9) are probably due to the inherent errors involved in measuring these particles. The settled air-borne cells examined in the electron microscope appeared to have an equivalent diameter of about 0.9 p.s; measured by settling rates in the chamber they exhibited an apparent diameter of approximately 0.6 ,u. The specimens were prepared for the electron microscope by floating on water, then transferring to a screen. This process may have swollen the cells, and the subsequent evacuation in the electron microscope might have flattened them out, giving rise to erroneously large measurements. The larger size indicated by optical measurement of cells from the cultures suggests that the air-borne cells dispersed from pure water are actually smaller, having lost some water in the air-borne state, although the difference might be due to the selection of smaller cells during the process of washing, atomizing, and classifying. It should be noted that there is no real difference in any of the size values shown for the washed cells dispersed from pure water. The observed standard errors were appreciably larger than those obtained for any of the other averages.
The results of Orr and Gordon (1956) on the size of individual cells indicated a slight but definite decrease in size with decreasing relative humidity. Their methods were much more accurate than ours, although they did not indicate positively whether the cells studied were viable or nonviable. If the data of Waldham and Halvorson (1954) (table 7) . The results presented on particle size show quantitatively the nature and composition of the air-borne bacterial particles studied. The sequence of events in the formation of a particle of a bacterial aerosol under the conditions described in this paper must be as follows: A droplet of dispersion fluid approximately 13 ,u in diameter, containing probably a single bacterium, is sheared off the tip of the atomizer by the action of the air stream of the atomizer. This droplet begins to lose water immediately, even though the atmosphere into which it is projected is essentially saturated with water vapor. The direction and rate of motion of material either towards or away from the droplet (or its residue) are governed by the relationship suggested by Langmuir (1918) , and later by Houghton (1933) for the evaporation of small spheres.
These relations indicate that when the vapor pressure of water at the surface of the particle is greater than that of water in the atmosphere, the direction of motion of material will be away from the droplet. The rate of motion will be determined by the particle size, the nature and concentration of the dissolved substances, specific surface effects, and the diffusion coefficient of the evaporating material. For the complete evaporation of the water in a 13-M diameter droplet in air at 99 per cent relative humidity, a maximum time of 5.7 sec would be required. The evaporation of water from the droplet formed from the dispersion media containing crystalloids (note Leavitt and Kaye, 1956 , for experimental verification) or liquids of low vapor pressure will follow the same course as indicated above, evaporation progressing until the pressure at the surface of the particle is equal to that existing in the air.
When the bacterial aerosol is transferred from the prechamber to a condition of lower relative humidity, evaporation again occurs until a balance between particle and aerial pressures is restored. It is estimated that this balance will be approached in from 0.1 to 0.01 sec, depeInding upoIn the relative humidity; the lower the relative humidity the more rapid the evaporation. The resulting particles will consist of organisms (single or multiple) surrounded by relatively thick layers of nonliving materials, even though the dispersion medium from which the particle originated contained a very small per cent of dissolved material, the evaporation of the water of the dispersion medium causing a great concentration of the dissolved solids. Organisms dispersed from pure water would not be expected to be thus covered with nonliving material; much work remains to be done before the exact state of these organisms is understood. For the present, it must be assumed that an impervious "skin" exists at the surface of these organisms; otherwise it is extremely difficult to understand their ability to survive at all under such conditions. N-aturally occurring air-borne microorganisms would be expected to be surrounded with nonliving materials because of their probable origins. The term "immediate environment" was suggested earlier (Kethley et al., 1956) to describe this layer of nonliving material. The atmosphere can affect the organism only through changes effected in this material. Puck (1947) suggested on the basis of Raoult's law for partial pressures that when the particle is placed in an atmosphere containing vapors which are completely miscible with water, condensation and solution will occur. Consideration of Houghton's equation suggests that for those compounds having vapor pressures much lower than that of water, and possessing even limited solubility in water, a negligible change in vapor pressure is caused at the surface of the particle by the process of condensation and solution, and condensation will continue on the particle as long as solution in the material of the particle can occur. The data presented herein on the growth of the particles of bacterial aerosols in the presence of the vapors of hygroscopic and nonhygroscopic materials having low vapor pressure constitute real proof of earlier conjectures on the condensation of vapors on air-borne bacterial particles, and verify the previous statements that the actual environment of the airborne bacterium is not the atmosphere but is made up of the nonliving materials covering it. The concentration of various materials which will be achieved in the air-borne particle will depend upon the vapor pressure relationships and the nature and composition of the bacterial particle, and will not necessarily be a result only of the concentration of the vapor in the air.
These observations suggest that a complete understanding of the nature and composition of the particles of bacterial aerosols being studied is essential to an understanding of the factors which determine the life or death of such organisms, whether such studies are made to determine the effect of temperature and relative humidity or whether they are concerned with the possible effectiveness of aerial disinfectants. The quantitative information presented herein represents a contribution to this understanding. It is felt that the general conclusions are applicable to all types of bacterial aerosols, whether naturally occurring or prepared in the laboratory. These conclusions are in no maniner inconsistent with those of previous workers who have given serious consideration to the nature of the airborne bacterial particles. The presentation of additional quantitative data describing these particles more exactly has made possible a more firm statement of the conclusions. ACKNOWLEDGMENTS The advice of J. M. DallaValle and Clyde Orr, Jr., is gratefully acknowledged.
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SUMMARY A chamber suitable for the study of the nature of bacterial aerosols is described, and supporting data presented to justify the use of the chamber for this purpose. Results of studies on bacterial aerosols dispersed from pure water, glycerol-water, beef extract broth, and beef extract broth with added sodium chloride show that the character of the bacterial aerosols is determined by the composition of the dispersion medium. Cells dispersed from pure water form particles essentially devoid of nonliving materials. In all other instances, the particles are almost entirely made up of the residual material from the dispersion medium, the cell being a negligible part of the particle. Observed and calculated particle sizes were found to be in good agreement when the calculations were made on the basis of the volume of the original atomized droplet, the concentration of solids or low vapor pressure liquids in the dispersion media, and their responses to relative humidity.
Studies on the uptake of vapors from the atmosphere by bacterial particles dispersed from beef extract broth show that this phenomenon is governed not only by the vapor concentration in the air, but also by the physical characteristics of the nonliving material in the particle. It is suggested that a complete understanding of the nature and composition of bacterial aerosols is essential to an understanding of the factors which determine the life or death of air-borne microorganisms.
